The ErbB4 receptor tyrosine kinase possesses both tumour suppressor and oncogenic activities. Thus pharmacological agents are needed to help elucidate ErbB4 functions. However, limitations of existing ErbB4 agonists and antagonists have led us to seek novel ErbB4 antagonists. The Q43L mutant of the ErbB4 agonist NRG2β (neuregulin 2β) stimulates ErbB4 tyrosine phosphorylation, yet fails to stimulate ErbB4 coupling to cell proliferation. Thus in the present paper we hypothesize that NRG2β/Q43L may be an ErbB4 antagonist. NRG2β/Q43L competitively antagonizes agonist stimulation of ErbB4 coupling to cell proliferation. NRG2β/Q43L stimulates less ErbB4 tyrosine phosphorylation than does NRG2β. In addition, NRG2β stimulation of cell proliferation requires PI3K (phosphoinositide 3-kinase) activity and NRG2β stimulates greater Akt phosphorylation than does NRG2β/Q43L. Moreover, EGFR [EGF (epidermal growth factor) receptor] kinase activity (but not that of ErbB4) is critical for coupling ErbB4 to proliferation. Experiments utilizing ErbB4 splicing isoforms and mutants suggest that NRG2β and NRG2β/Q43L may differentially stimulate ErbB4 coupling to the transcriptional coregulator YAP (Yes-associated protein). Finally, NRG2β/Q43L competitively antagonizes agonist stimulation of EGFR and ErbB2/ErbB3, indicating that NRG2β/Q43L is a pan-ErbB antagonist. Thus we postulate that NRG2β/Q43L and other antagonistic ligands stimulate ErbB tyrosine phosphorylation on a set of residues distinct from that stimulated by agonists, thus suggesting a novel mechanism of ErbB receptor regulation. Moreover, NRG2β/Q43L and related ligand-based antagonists establish a paradigm for the discovery of anti-ErbB therapeutics.
The ErbB4 receptor tyrosine kinase possesses both tumour suppressor and oncogenic activities. Thus pharmacological agents are needed to help elucidate ErbB4 functions. However, limitations of existing ErbB4 agonists and antagonists have led us to seek novel ErbB4 antagonists. The Q43L mutant of the ErbB4 agonist NRG2β (neuregulin 2β) stimulates ErbB4 tyrosine phosphorylation, yet fails to stimulate ErbB4 coupling to cell proliferation. Thus in the present paper we hypothesize that NRG2β/Q43L may be an ErbB4 antagonist. NRG2β/Q43L competitively antagonizes agonist stimulation of ErbB4 coupling to cell proliferation. NRG2β/Q43L stimulates less ErbB4 tyrosine phosphorylation than does NRG2β. In addition, NRG2β stimulation of cell proliferation requires PI3K (phosphoinositide 3-kinase) activity and NRG2β stimulates greater Akt phosphorylation than does NRG2β/Q43L. Moreover, EGFR [EGF (epidermal growth factor) receptor] kinase activity (but not that of ErbB4) is critical for coupling ErbB4 to proliferation. Experiments utilizing ErbB4 splicing isoforms and mutants suggest that NRG2β and NRG2β/Q43L may differentially stimulate ErbB4 coupling to the transcriptional coregulator YAP (Yes-associated protein). Finally, NRG2β/Q43L competitively antagonizes agonist stimulation of EGFR and ErbB2/ErbB3, indicating that NRG2β/Q43L is a pan-ErbB antagonist. Thus we postulate that NRG2β/Q43L and other antagonistic ligands stimulate ErbB tyrosine phosphorylation on a set of residues distinct from that stimulated by agonists, thus suggesting a novel mechanism of ErbB receptor regulation. Moreover, NRG2β/Q43L and related ligand-based antagonists establish a paradigm for the discovery of anti-ErbB therapeutics.
INTRODUCTION
ErbB4, a member of the ErbB family of receptor tyrosine kinases, couples to multiple and distinct biological activities. Emerging data indicate that ErbB4 can couple to differentiation, growth arrest, tumour suppression and proliferation [1, 2] . Thus determining the function of ErbB4 in a particular context is quite challenging. Therefore we need tools (agonists and antagonists) that can be used to elucidate context-dependent ErbB4 function. Current tools possess significant limitations that limit their utility. Naturally occurring ErbB4 ligand agonists are typically not specific for ErbB4. Moreover, they stimulate ErbB4 heterodimerization with other ErbB receptors, expanding the repertoire of potential signalling effectors and biological responses downstream of ErbB4 ligands [3, 4] . Finally, many naturally occurring ErbB4 ligands stimulate ErbB4 coupling to functionally distinct outcomes [5] [6] [7] . Thus the failure of naturally occurring ErbB4 ligand agonists to specifically stimulate ErbB4 coupling to a uniform set of effectors and biological responses makes these molecules poor tools for studying context-dependent ErbB4 functions.
Tyrosine kinase inhibitors for ErbB4 typically target other ErbB receptors [8, 9] . Moreover, inhibition of ErbB4 tyrosine kinase activity does not necessarily block ErbB4 signalling, which arises through ErbB4 heterodimerization with another ErbB receptor. Indeed, ErbB3 (which possesses minimal kinase activity) couples to effectors through ErbB3 heterodimerization with another ErbB receptor (typically ErbB2) and phosphorylation of ErbB3 by that heterodimerization partner [10] . Thus kinase activity of a particular ErbB receptor may be dispensable for the signalling activity of that receptor. Consequently, tyrosine kinase inhibitors specific for that particular receptor may be ineffective at blocking the activity of that receptor and suboptimal tools for studying the function of that receptor.
Thus the goal of the present study was to develop specific antagonists that can be used to study context-dependent ErbB4 function. Our strategy is based on the observation that the α and β isoforms of the EGF (epidermal growth factor) family hormone NRG2 (neuregulin 2) possess affinity-independent differences in biological activity (efficacy or intrinsic activity). NRG2β stimulates ErbB4 tyrosine phosphorylation and coupling to IL (interleukin)-3-independent proliferation in a heterologous BaF3 lymphoid cell model system. In contrast, NRG2α stimulates ErbB4 tyrosine phosphorylation, but does not stimulate ErbB4 coupling to IL-3-independent proliferation [5, 11] . Exchanging amino acid residues between NRG2α and NRG2β identified those responsible for this difference. In a similar manner to wild-type NRG2β, the Q43L mutant stimulates ErbB4 tyrosine phosphorylation. However, in a similar manner to NRG2α, NRG2β/Q43L fails to stimulate ErbB4 coupling to IL-3 independence. The corresponding NRG2α L43Q mutant, in a similar manner to wild-type NRG2β, stimulates ErbB4 coupling to IL-3 independence. Thus Gln 43 regulates NRG2 stimulation of ErbB4 coupling to IL-3-independent proliferation [12] .
We postulate that the Q43L mutation does not change the ErbB4 site to which NRG2β binds. Consequently, we predicted that NRG2β/Q43L and other ErbB4 partial agonists would competitively antagonize the activity of full agonists at ErbB4. In the present study we have assessed the antagonistic activities of ErbB4 partial agonists. We demonstrate that NRG2β/Q43L and NRG2α/K45F (a high-affinity form of NRG2α) both competitively inhibit agonist-induced ErbB4 coupling to IL-3-independent proliferation. This is the first demonstration of an ErbB ligand which functions as an antagonist. The antagonistic ErbB4 ligands stimulate lower maximal ErbB4 tyrosine phosphorylation than do the agonistic ligands. The antagonistic ligands also stimulate less ErbB4 coupling to the PI3K (phosphoinositide 3-kinase) pathway than do the ErbB4 agonists. Moreover, PI3K activity and an ErbB4 motif that is coupled to the transcriptional co-regulator YAP (Yes-associated protein) are both required for an ErbB4 agonist to stimulate maximal IL-3-independent proliferation.
Finally, we demonstrate that NRG2β/Q43L inhibits agonistinduced coupling of EGFR (EGF receptor) and ErbB2/ErbB3 heterodimers to IL-3-independent proliferation. Thus we have established a novel general paradigm for antagonizing agonistinduced receptor signalling. Later in the present paper we will discuss the impact of these results on the discovery of novel specific tools for studying ErbB receptor function and on the discovery of novel cancer chemotherapeutic agents.
EXPERIMENTAL Cell lines, cell culture, recombinant NRGs and inhibitors
The CEM/ErbB4 cells [13] were a gift from Dr Gregory D. Plowman (Genentech, South San Francisco, CA, U.S.A.). The BaF3/EGFR, BaF3/EGFR + ErbB4, BaF3/ErbB2 + ErbB3 and 32D/EGFR cell lines have been described previously [14, 15] . HEK (human embryonic kidney)-293FT cells were obtained from Invitrogen and were cultured as recommended by the supplier. Cell culture media and supplements were obtained from Invitrogen, Sigma Scientific, HyClone/Thermo Scientific and Mediatech. All cell lines were maintained according to the manufacturer's recommendations or published procedures. Recombinant NRG1β was obtained from Peprotech and AR (amphiregulin) was purchased from R&D Systems. The NRG2 isoforms and mutants have been described previously [5, 11, 12] . We have also previously described the procedures for expressing, purifying and quantifying these recombinant proteins [12] . The EGFR inhibitor PD153035 and the PI3K inhibitor LY294002 were acquired from Tocris Bioscience.
Analysis of ligand stimulation of ErbB4, EGFR or ErbB3 coupling to IL-3 independence
EGF family hormones stimulate ErbB receptor coupling to IL-3-independent proliferation in the BaF3/EGFR + ErbB4, 32D/EGFR and BaF3/ErbB2 + ErbB3 cell lines [5, 11, 14, [16] [17] [18] [19] [20] . Briefly, cells were seeded in 24-well plates at a density of 1 × 10 5 cells/ml in medium lacking IL-3 and supplemented with either an ErbB ligand or PBS (diluent control). Each condition was performed in duplicate and IL-3 (in the form of WeHI-conditioned medium) was added as a positive control. Cells were incubated for 96 h, after which time viable cell density was determined by counting using a haemocytometer. In many cases, the cell number is expressed as a percentage of the cell density arising from treatment with a positive control ErbB receptor agonist. Ligand EC 50 , IC 50 and E max values were calculated from doseresponse data (GraphPad Prism). When appropriate, two-way ANOVA with a Bonferroni post-hoc test was used to evaluate statistical significance. P values are indicated.
The E max is the maximal amount of biological activity an agonist is capable of stimulating (Supplementary Figure S1A at http://www.BiochemJ.org/bj/443/bj4430133add.htm). An EC 50 value is the concentration of an agonist required to elicit half (50 %) of the maximal amount of biological response (Supplementary Figure S1A) . Similarly, I max is the maximal amount of inhibitory activity possessed by an antagonist or inhibitor, and the IC 50 value is the concentration of an antagonist or inhibitor necessary for half maximal inhibitory activity (Supplementary Figure S1B) . Both the EC 50 and IC 50 are a measure of the potency of a ligand; the lower the EC 50 or IC 50 , the greater the potency. A competitive antagonist/inhibitor can also increase the EC 50 (decrease the potency) of an agonist; the amount of this change in potency is a function of the antagonist potency and concentration (Supplementary Figure 1C) .
Analysis of ErbB expression and tyrosine phosphorylation in BaF3 and 32D cell lines
We analysed ErbB receptor expression and ligand-induced tyrosine phosphorylation as described previously [19] [20] [21] [22] . Briefly, BaF3 or 32D cell lines were starved in basal medium for 16 h. Then the cells were stimulated for 7 min on ice with 10 nM NRG2β, 300 nM NRG2β/Q43L or PBS (diluent control) and lysed.
EGFR was precipitated using an anti-EGFR mouse monoclonal antibody (SC-120, Santa Cruz Biotechnology); ErbB2 was precipitated using an anti-ErbB2 mouse monoclonal antibody (OP-39, EMD Chemicals); ErbB3 was precipitated with an anti-ErbB3 rabbit polyclonal antibody (SC-285, Santa Cruz Biotechnology); ErbB4 was precipitated using an anti-ErbB4 mouse monoclonal antibody (SC-8050, Santa Cruz Biotechnology). Immunoblotting antibodies included an anti-EGFR sheep polyclonal antibody (P00367, Capralogics), an anti-ErbB2 rabbit polyclonal antibody (SC-284, Santa Cruz Biotechnology), the anti-ErbB3 polyclonal antibody described above, an anti-ErbB4 rabbit polyclonal antibody (SC-283, Santa Cruz Biotechnology) and an anti-phosphotyrosine mouse monoclonal antibody (4G10, Millipore). Independent experiments were completed at least three times and representative blots are shown.
Analysis of ErbB4 tyrosine phosphorylation in CEM/ErbB4 cells
We analysed ligand-induced ErbB4 tyrosine phosphorylation in CEM/ErbB4 cells by anti-phosphotyrosine immunoblotting as described previously [12] . Briefly, the CEM cells were starved for 24 h in basal medium and then stimulated with an ErbB4 ligand (NRG2β, NRG2β/Q43L or NRG2α/K45F) for 7 min on ice. The cells were then lysed and ErbB4 was non-specifically precipitated with concanavalin A-Sepharose beads (GE Healthcare). Samples were resolved by SDS/PAGE and electroblotted on to nitrocellulose. The blot was probed with an anti-phosphotyrosine antibody (4G10, Millipore). The chemilumigrams were digitized and the bands were quantified (ImageJ, NIH). Dose-response data were analysed to determine the concentration of each ligand that yields half-maximal ErbB4 tyrosine phosphorylation (EC 50 ). We have previously demonstrated that this is a sensitive and specific method for assessing ErbB4 tyrosine phosphorylation in CEM/ErbB4 cells, which lack expression of any other ErbB receptor [11, 13, 23] .
We generated a calibration curve of tyrosine-phosphorylated ErbB4 using CEM/ErbB4 cells stimulated with NRG1β.
Increasing amounts of the resulting tyrosine-phosphorylated ErbB4 precipitates were loaded on to SDS/PAGE and ErbB4 tyrosine phosphorylation was assessed and quantified as described above. The resulting ErbB4 tyrosine phosphorylation calibration curves were used to determine the maximal level of ErbB4 tyrosine phosphorylation (E max ) stimulated by each ligand relative to the amount stimulated by NRG1β.
Analysis of Akt expression and phosphorylation
We analysed ligand-induced Akt expression and phosphorylation in BaF3/EGFR + ErbB4 cells using previously published procedures [15] . Briefly, BaF3/EGFR + ErbB4 cells were starved for 24 h in medium devoid of serum and then stimulated for 7 min on ice with an ErbB4 ligand. Following stimulation the cells were lysed. The lysates were resolved by SDS/PAGE and electroblotted on to nitrocellulose. The blot was probed with anti-phospho-Ser 473 -Akt and anti-Akt antibodies (Cell Signaling Technologies). Standard procedures [12, 15] were used to quantify Akt expression and phosphorylation, and to calculate the ratio of phosphorylated Akt to total Akt (ImageJ, NIH). A two-way ANOVA with a Bonferroni post-hoc test was used to evaluate statistical significance. P values are indicated.
Creation of BaF3 cell lines that express ErbB4 mutants
Standard molecular biology approaches, including the use of the shuttle vector pENTR1A, were employed to subclone ErbB4 and ErbB4 mutants from pCH4M2 [13] or pLXSN/ErbB4/Q646C [21] into the recombinant lentiviral expression vector pLenti6/V5-DEST (Invitrogen) as described previously [25] . The resulting pLenti/ErbB4, pLenti/ErbB4/K751M, pLenti/ErbB4/Y1056F and pLenti/ErbB4/Ct-b constructs, as well as the pLenti6/V5-DEST vector control, were packaged into recombinant lentiviral particles through transient co-transfection with the packaging vectors pLP1, pLP2 and pLP/VSVG into the HEK-293FT lentiviral packaging cell line (Invitrogen) [25] . We transfected the cells and recovered the recombinant lentiviruses as recommended by the manufactuer. A 24-well plate was seeded with 4 × 10 5 BaF3/EGFR cells [25] in 500 μl of complete medium supplemented with 6 μg/ml Polybrene. Then 500 μl of each lentivirus was added to a different well and the cells were incubated overnight at 37
• C. The cells were recovered by gentle centrifugation and were resuspended in complete medium supplemented with 12 μg/ml blasticidin to select for stablyinfected recombinant BaF3/EGFR/pLenti cell lines.
EGF radioligand-binding assay
We analysed inhibition of 125 I-labelled EGF binding to EGFR by NRG2β/Q43L as described previously [15] . Briefly, 32D/LXSN and 32D/EGFR cells [15] were seeded in a 96-well plate and pre-incubated with increasing concentrations of NRG2β/Q43L for 2 h at 37
• C. We then added 0.1 nM 125 I-labelled EGF (∼ 300 μCi/μg, PerkinElmer). The cells were incubated on ice for 2 h, transferred on to a filter plate, and washed using a cell harvester (Packard Instruments). The filter plate was dried and Microscint 20 (PerkinElmer) scintillation fluid was added to each sample. Radioscintography was performed using a TopCount multiwell scintillation counter (Packard Instruments). Specific binding was determined by subtracting the amount of 125 I-labelled EGF bound to control 32D/LXSN cells.
RESULTS

NRG2α/K45F and NRG2β/Q43L inhibit ErbB4 coupling to proliferation
The EGF family peptide growth factors NRG2α and NRG2β are products of alternative splicing of the same transcript ( Figure 1A ) [4, 26] . Both bind to ErbB4 and stimulate its tyrosine phosphorylation; however, the affinity of NRG2β for ErbB4 is much higher than the affinity of NRG2α for ErbB4. Independent of these differences in affinity, NRG2β stimulates ErbB4 coupling to IL-3-independent proliferation in a heterologous BaF3 model system, whereas NRG2α does not [5] . Indeed, the K45F mutant of NRG2α (NRG2α/K45F), which exhibits an affinity for ErbB4 that is similar to the affinity of wild-type NRG2β for ErbB4, still fails to stimulate ErbB4 coupling to IL-3 independence in BaF3/EGFR + ErbB4 cells [11, 23] . (The BaF3/EGFR + ErbB4 cells lack endogenous EGFR, ErbB2 or ErbB4, but have been engineered to express EGFR and ErbB4. They require IL-3 for survival and proliferation, yet display IL-3 independence in the presence of EGFR or ErbB4 agonists [17, 18, 20] .) However, the ability of an ErbB4 ligand to stimulate ErbB4 coupling to IL-3 independence is mutable, as the Q43L mutant of NRG2β (NRG2β/Q43L) binds to ErbB4 and potently stimulates its tyrosine phosphorylation in BaF3/EGFR + ErbB4 cells ( Figure 1B ), but fails to stimulate ErbB4 coupling to IL-3-independent proliferation in these same cells [12] . It is of note that the maximal amount of EGFR and ErbB4 tyrosine phosphorylation stimulated by NRG2β is greater than the amount stimulated by NRG2β/Q43L, suggesting that NRG2β/Q43L may be stimulating phosphorylation of fewer tyrosine residues than are stimulated by NRG2β.
It is possible that the failure of NRG2α/K45F and NRG2β/Q43L to stimulate ErbB4 coupling to IL-3 independence is because these ligands bind to a site on ErbB4 that is distinct from the site on ErbB4 to which agonists bind. However, competition between 125 I-labelled NRG1β and NRG2α/K45F for ErbB4 binding suggests that the ligand-binding sites overlap [23] . Thus an alternative hypothesis is that NRG2α/K45F and NRG2β/Q43L bind to the same site on ErbB4 to which the agonists bind. A prediction of this alternative hypothesis is that NRG2α/K45F and NRG2β/Q43L would competitively antagonize agonist-induced ErbB4 coupling to IL-3-independent proliferation.
To test this hypothesis, we stimulated BaF3/EGFR + ErbB4 cells with 3 nM NRG2β in the presence of increasing concentrations of NRG2α/K45F ( Figure 1C NRG2α/K45F and NRG2β/Q43L inhibit agonist-stimulated IL-3-independent proliferation (IC 50 of 19 nM and 12 nM respectively). These dose-dependent decreases in biological response at low nanomolar concentrations of NRG2α/K45F or NRG2β/Q43L indicate that these ligands are potent antagonists of agonist-induced ErbB4 coupling.
In the absence of NRG2α/K45F, the potency (EC 50 ) of NRG2β with respect to ErbB4 stimulation was 1.1 + − 0.2 nM; the potency decreased to 6 + − 2 nM in the presence of 100 nM NRG2α/K45F ( Figure 1E ). Likewise, the potency of NRG2β decreased from 0.9 + − 0.2 nM to 6 + − 1 nM in the presence of 100 nM NRG2β/Q43L ( Figure 1F ). However, neither NRG2α/K45F nor NRG2β/Q43L altered the efficacy (maximal activity or E max ) of the agonist NRG2β. Thus the antagonistic activity of NRG2α/K45F and NRG2β/Q43L can be overcome by increasing the concentration of wild-type NRG2β. Mechanistically, these data indicate that NRG2α/K45F and NRG2β/Q43L competitively antagonize NRG2β stimulation of ErbB4 coupling and do not possess non-specific toxicity. The apparent absence of non-specific toxicity is consistent with our observation that NRG2α/K45F and NRG2β/Q43L have no effect on IL-3-dependent proliferation of BaF3/EGFR + ErbB4 cells (results not shown). The antagonistic activity of NRG2α/K45F and NRG2β/Q43L is almost certainly mediated by binding to ErbB4, as NRG2α/K45F fails to bind to EGFR [15] . (A-C) CEM/ErbB4 cells were stimulated with increasing concentrations of the specified NRG2 or NRG1β. ErbB4 was precipitated from CEM/ErbB4 cells. Samples were resolved by SDS/PAGE and electroblotted on to nitrocellulose. The blot was probed with an anti-phosphotyrosine antibody to evaluate ErbB4 tyrosine phosphorylation. (D) The chemilumigrams were digitized and bands were quantified. The amount of ligand necessary to stimulate half maximal (EC 50 ) ErbB4 phosphorylation was calculated. The maximal level of ErbB4 tyrosine phosphorylation (E max ) stimulated by a given ligand is reported as a percentage of the amount stimulated by NRG1β. pY, phosphotyrosine.
NRG2β/Q43L and NRG2α/K45F stimulate less ErbB4 phosphorylation than does wild-type NRG2β
Phosphorylation of different tyrosine residues of a given ErbB receptor enables binding of different receptor effector proteins and differential receptor coupling to signalling pathways and biological responses [27] . We postulated that the failure of NRG2α/K45F and NRG2β/Q43L to stimulate ErbB4 coupling to IL-3-independent proliferation is a result of their failure to stimulate phosphorylation of critical ErbB4 tyrosine residues. However, the availability of ErbB4 anti-phosphotyrosine antibodies is limited [28] , and MS approaches to mapping sites of ErbB4 tyrosine phosphorylation have been limited to studies of ligand-independent ErbB4 tyrosine phosphorylation [29] [30] [31] . Instead, we have postulated that the maximal level of ErbB4 tyrosine phosphorylation stimulated by agonistic and antagonistic ErbB4 ligands is different, indicating that agonistic ErbB4 ligands are stimulating phosphorylation of more tyrosine residues (per ErbB4 molecule) than are antagonistic ligands. These experiments have been performed in CEM/ErbB4 cells because these cells are devoid of any other ErbB receptor [13] , which may confound the results. Moreover, CEM/ErbB4 cells exhibit an amount of ErbB4 expression that is similar to the amount displayed by BaF3/EGFR + ErbB4 cells (results not shown).
The maximal amounts of ErbB4 tyrosine phosphorylation (E max ) stimulated by wild-type NRG1β and NRG2β in CEM/ErbB4 cells were essentially identical (Figure 2A ). In contrast, the maximal amounts of ErbB4 tyrosine phosphorylation (E max ) stimulated by NRG2α/K45F and NRG2β/Q43L were 68 + − 12 % and 44 + − 4 % of the maximal amount of ErbB4 tyrosine phosphorylation (E max ) stimulated by wild-type NRG1β (Figures 2B-2D ). Therefore NRG2α/K45F and NRG2β/Q43L may fail to stimulate phosphorylation of specific ErbB4 tyrosine residues that are phosphorylated upon stimulation with wildtype NRG2β; the failure of NRG2α/K45F and NRG2β/Q43L to stimulate ErbB4 coupling to IL-3 independence may reflect the inability of these antagonistic ligands to stimulate the phosphorylation of these specific ErbB4 tyrosine residues. It should be noted that the difference in the maximal level of ErbB4 tyrosine phosphorylation stimulated by NRG2β and NRG2β/Q43L in CEM/ErbB4 cells is consistent with the difference in ErbB4 tyrosine phosphorylation observed in BaF3/EGFR + ErbB4 cells ( Figure 1B) .
EGFR kinase activity, but not ErbB4 kinase activity, is required for the stimulation of proliferation by NRG2β
We postulate that differences in the phosphorylation of ErbB4 tyrosine residues underlie the functional distinctions between agonistic and antagonistic ErbB4 ligands. In the BaF3/EGFR + ErbB4 model system used in the present study, ErbB4 tyrosine phosphorylation may be the consequence of ErbB4 kinase activity (via ErbB4-ErbB4 homodimers) or may be the consequence of EGFR kinase activity (via EGFR-ErbB4 heterodimers). We have used an ErbB4 mutant (K751M) devoid of kinase activity [32] and the selective EGFR tyrosine kinase inhibitor PD153035 [33] to evaluate these two possibilities. In BaF3/EGFR cells, expression of wild-type ErbB4 or the ErbB4 K751M mutant enables stimulation of IL-3-independent proliferation by NRG2β ( Figure 3A ). This suggests that ErbB4 kinase activity is not required for agonist stimulation of ErbB4 coupling to IL-3-independent proliferation. The selective EGFR tyrosine kinase inhibitor PD153035 failed to inhibit IL-3-dependent proliferation of BaF3/EGFR + ErbB4 or BaF3/EGFR + ErbB4/K751M cells ( Figures 3B and 3C) . However, PD153035 potently inhibited stimulation of IL-3-independent proliferation by NRG2β in both cell lines. The potent and essentially equivalent (IC 50 of 74 + − 3 nM and 79 + − 5 nM respectively) inhibition of IL-3-independent proliferation by PD153035 in the two cell lines indicates that EGFR kinase activity, but not ErbB4 kinase activity, is required for agonistinduced ErbB4 coupling to IL-3-independent proliferation.
ErbB4 antagonists stimulate less signalling by the PI3K pathway than do ErbB4 agonists
The PI3K signalling pathway is required for IL-3 receptor coupling to cell proliferation in BaF3 cells [34] . Moreover, phosphorylation of ErbB4 at Tyr 1056 creates a canonical binding site for the PI3K regulatory subunit [35, 36] . Thus it is plausible to postulate that the PI3K pathway is required for ErbB4 coupling to IL-3-independent proliferation in BaF3/EGFR + ErbB4 cells, and that differential ErbB4 coupling to the PI3K pathway may underlie the functional differences between ErbB4 agonists and antagonists.
The PI3K inhibitor LY294002 inhibited NRG2β stimulation of IL-3-independent proliferation in the BaF3/EGFR + ErbB4 cell line (IC 50 of 1.0 + − 0.1 nM; Figure 4A) . The potency by which LY294002 inhibits the action of NRG2β is similar to the potency by which LY294002 inhibits IL-3 receptor coupling to cell proliferation (IC 50 of 2.2 + − 0.4 nM). Thus these data suggest that NRG2β stimulation of ErbB4 coupling to IL-3-independent cell proliferation requires PI3K.
A concentration of 30 nM NRG2β stimulated a maximal amount of IL-3-independent proliferation in BaF3/EGFR + ErbB4 cells ( Figure 1E ). Likewise, a concentration of 300 nM NRG2α/L43Q/K45F [12] stimulated a saturated amount of IL-3-independent proliferation in BaF3/EGFR + Figure S3A at http://www. BiochemJ.org/bj/443/bj4430133add.htm). Moreover, 30 nM NRG2β, 300 nM NRG2α/K45F, 300 nM NRG2β/Q43L and Figure S3B ). Thus we have compared the effect of these concentrations of ErbB4 ligands on the phosphorylation of the PI3K effector Akt. The ErbB4 antagonists NRG2α/K45F and NRG2β/Q43L stimulated significantly less Akt phosphorylation than do the ErbB4 agonists NRG2α/L43Q/K45F and NRG2β ( Figures 4B and 4C ). Thus the PI3K/Akt signalling pathway is necessary for ErbB4 agonists to stimulate IL-3-independent proliferation, and the failure of the ErbB4 antagonists to stimulate IL-3 independence may be the effect of reduced stimulation of this pathway by these ErbB4 ligands.
ErbB4 cells (Supplementary
The ErbB4 Ct-b isoform fails to couple to proliferation
ErbB4 phosphorylation on Tyr 1056 creates a binding site for the PI3K regulatory subunit [30, [35] [36] [37] . Because we had demonstrated that the PI3K/Akt signalling pathway appears to be critical in specifying the effects of stimulation with ErbB4 agonists and antagonists, we postulated that Tyr 1056 is critical for NRG2β stimulation of IL-3 independence in BaF3/EGFR + ErbB4 cells. We utilized the ErbB4 Ct-b (Cyt-2) isoform, which lacks a 16-amino-acid sequence surrounding Tyr 1056 (Ser 1046 -Gly 1061 ), which is present in the canonical Cta (Cyt-1) isoform used elsewhere in the present study [3] ( Figure 5A ). BaF3 cells that express EGFR and the ErbB4/Ctb isoform (BaF3/EGFR + ErbB4/Ct-b) displayed less IL-3 independence in response to stimulation with NRG2β than did BaF3 cells that express EGFR and the canonical (referred to elsewhere as 'wild-type ErbB4' or simply 'ErbB4') Ct-a isoform ( Figure 5B ). In these cell lines the ErbB4/Ct-b isoform is expressed at a higher level than is the ErbB4 Ct-a isoform (results not shown). Thus the reduced coupling of the ErbB4/Ctb isoform to IL-3 independence appears to reflect the absence of the 16-amino-acid residues that are present in the wild-type (Ct-a) isoform.
To address the possibility that the reduced coupling of the ErbB4/Ct-b isoform is a consequence of inadequate expression, we analysed expression and tyrosine phosphorylation of this protein. ErbB4/Ct-b expression and ligand-induced tyrosine phosphorylation were not less than that observed in the wildtype ErbB4 cell line ( Figure 5C ). However, EGFR expression and ligand-induced tyrosine phosphorylation were lower in the ErbB4/Ct-b cell line than in the wild-type ErbB4 cell line ( Figure 5C ). Given that these cell lines are pooled rather than clonal, these data suggest that the ErbB4/Ct-b isoform does not permit ErbB4 agonists to stimulate IL-3 independence in BaF3/EGFR + ErbB4 cell lines. This may be a consequence of down-regulation of EGFR by the ErbB4/Ct-b isoform.
We attempted to identify the individual amino acid residue responsible for the coupling of the wild-type ErbB4 (Ct-a isoform) to IL-3 independence by evaluating the activity of an ErbB4 Y1056F mutant [32, 38] . Surprisingly, BaF3 cells expressing the Y1056F mutant retained the ability of NRG2β to stimulate IL-3 independence ( Figure 5B) . Thus it appears that the absence of ErbB4 Tyr 1056 was not responsible for the failure of the ErbB4/Ctb isoform to fully couple to IL-3 independence. The expression and ligand-induced tyrosine phosphorylation of ErbB4/Y1056F were similar to those displayed by wild-type ErbB4 ( Figure 5C ). Thus our results indicate that ErbB4 Tyr 1056 is not required for stimulation of the PI3K/Akt pathway by ErbB4 agonists.
NRG2β/Q43L antagonizes ErbB3 and EGFR
NRG2β is a high-affinity agonist for ErbB4 [4, 12, 26, 39] . However, it is also a moderate-affinity ErbB3 agonist and is a low-affinity EGFR agonist [4, 15, 26] . Thus we postulated that NRG2β/Q43L fails to stimulate ErbB3 and EGFR coupling to IL-3 independence and that it antagonizes agonist stimulation of ErbB3 and EGFR coupling. ErbB3 possesses only modest tyrosine kinase activity [10] . Thus ErbB3 agonists stimulate ErbB3 coupling to biological responses only upon agonist-induced heterodimerization of ErbB3 with another ErbB receptor, typically ErbB2. Consequently, we have used the BaF3/ErbB2 + ErbB3 cell line [20] to assess the effects of treatment with NRG2β/Q43L. NRG2β/Q43L failed to stimulate IL-3 independence in these cells ( Figure 6A ). One potential explanation is that NRG2β/Q43L fails to bind ErbB3 or stimulate ErbB2/ErbB3 tyrosine phosphorylation. NRG2β/Q43L stimulated ErbB2 and ErbB3 tyrosine phosphorylation, albeit to a lesser extent than was stimulated by wild-type NRG2β ( Figure 6B) . It is also possible that NRG2β/Q43L binds ErbB3 and prevents agonist-induced coupling of ErbB2-ErbB3 heterodimers to IL-3 independence. Indeed, NRG2β/Q43L potently inhibited stimulation of ErbB2-ErbB3 coupling to IL-3 independence by 10 nM NRG2β (NRG2β/Q43L IC 50 = 39 + − 13 nM; Figure 6C ). Moreover, 300 nM NRG2β/Q43L markedly diminished the potency of wild-type NRG2β with respect to stimulation of ErbB2-ErbB3 coupling to IL-3 independence (NRG2β EC 50 shifts from 6 + − 1 nM to 23 + − 5 nM; Figure 6D ). This shift in concentration-dependent agonist activity and complete abrogation of antagonistic activity by an excess of agonist strongly suggest that NRG2β/Q43L competitively antagonizes agonist stimulation of ErbB2-ErbB3 coupling and that NRG2β/Q43L does not possess non-specific toxicity.
We utilized the 32D/EGFR cell line [15] to assess the effects of NRG2β/Q43L on EGFR coupling to IL-3 independence. Unlike wild-type NRG2β, NRG2β/Q43L failed to stimulate EGFR coupling to IL-3 independence ( Figure 7A ). One potential explanation is that NRG2β/Q43L fails to bind EGFR or stimulate EGFR tyrosine phosphorylation. However, NRG2β/Q43L stimulated EGFR tyrosine phosphorylation, albeit to a lesser extent than was stimulated by wild-type NRG2β ( Figure 7B) . It is also possible that NRG2β/Q43L binds EGFR and prevents agonist-induced EGFR coupling to IL-3 independence. Indeed, pre-incubation of 32D/EGFR cells with increasing concentrations of NRG2β/Q43L at 37
• C progressively inhibited subsequent specific binding by 0.1 nM 125 I-labelled EGF ( Figure 7C ). NRG2β/Q43L potently inhibited stimulation of EGFR coupling to IL-3 independence by 30 nM AR (NRG2β/Q43L IC 50 = 38 + − 14 nM; Figure 7D ). Moreover, 100 nM NRG2β/Q43L markedly diminished the potency of AR with respect to stimulation of EGFR coupling to IL-3 independence (AR EC 50 shifts from 11 + − 3 nM to 38 + − 9 nM; Figure 7E ). This shift in concentration-dependent agonist activity and complete abrogation of antagonistic activity by an excess of agonist strongly suggests that NRG2β/Q43L competitively antagonizes agonist stimulation of EGFR coupling and that NRG2β/Q43L does not possess non-specific toxicity. phosphorylation and coupling to IL-3 independence in a heterologous BaF3/EGFR + ErbB4 cell line. In contrast, NRG2α (and its K45F high-affinity mutant form) stimulates ErbB4 tyrosine phosphorylation, yet fails to stimulate ErbB4 coupling to IL-3 independence in BaF3/EGFR + ErbB4 cells [23] . The functional difference between NRG2α and NRG2β is mutable, as the Q43L mutation renders NRG2β incapable of stimulating ErbB4 coupling to IL-3 independence and the analogous L43Q mutation enables NRG2α to stimulate ErbB4 coupling to IL-3 independence [12] . Ligand functional selectivity at ErbB4 is analogous to ligand functional selectivity at EGFR; a saturating concentration of AR stimulates greater expression of PTHrP (parathyroid hormone-related protein) than does EGF [43] . Likewise, TGFα (transforming growth factor α) stimulates a greater morphological change and E-cadherin redistribution than does AR, despite the fact that these EGFR ligands stimulate equivalent levels of DNA synthesis [40] . NRG2α and NRG2β (and their mutants) are presumed to bind to a common site on ErbB4 [23] . Thus in the present study we have explored the prediction that full and partial ErbB4 agonists would compete for binding to ErbB4 and that ErbB4 partial agonists (such as NRG2α/K45F and NRG2β/Q43L) would competitively antagonize the agonistic activity of ErbB4 full agonists. Indeed, in the present study we demonstrate that NRG2α/K45F and NRG2β/Q43L inhibit the agonistic activity of NRG2β at ErbB4 (Figures 2C and 2D ). This inhibition can be overcome by increasing concentrations of NRG2β ( Figures 2E  and 2F) , suggesting that the ErbB4 full and partial agonists compete with each other for binding to ErbB4, and indicating that the ErbB4 partial agonists do indeed competitively antagonize the activity of the ErbB4 full agonists.
Note that NRG2β is an ErbB3 agonist (through ErbB2-ErbB3 heterodimers) and a low-affinity EGFR agonist [4, 15, 26] . Thus it is not surprising that NRG2β/Q43L competitively antagonizes agonist-induced ErbB2/ErbB3 coupling to IL-3 independence in the heterologous BaF3/ErbB2 + ErbB3 cell line ( Figures 6C and  6D) . Similarly, NRG2β/Q43L competitively antagonizes agonistinduced EGFR coupling to IL-3 independence in the heterologous 32D/EGFR cell line ( Figures 7D and 7E ). Thus the same Q43L point mutation is sufficient to change an EGFR/ErbB3/ErbB4 full agonist into a partial agonist that competitively antagonizes agonist-induced signalling at these same receptors.
Antagonism of agonist-induced receptor signalling by receptor partial agonists has been observed in many ligand/receptor signalling networks, particularly G-protein-coupled receptor networks [44] . Therefore the ability of ligand-based partial agonists to function as competitive antagonists of agonistinduced receptor signalling may be a general attribute of the EGF/ErbB signalling network. It is tempting to speculate that this permits sensitive 'tuning' of receptor signalling, thereby enabling this signalling network to contribute to the exquisite spatiotemporal signalling specificity needed during many developmental processes.
Our studies of the mechanism underlying the functional differences between ErbB4 full and partial agonists have been inspired by the observation that the EGFR full agonist AR stimulates a pattern of EGFR tyrosine phosphorylation that is distinct from the pattern of EGFR tyrosine phosphorylation stimulated by the EGFR partial agonist EGF [43] . Specifically, EGF stimulates much greater phosphorylation of EGFR Tyr 1045 than does AR, thereby enabling EGF to stimulate greater EGFR coupling to the ubiquitin ligase c-Cbl than does AR. Thus EGF stimulates much greater EGFR ubiquitination and turnover than does AR [43] .
These observations have led us to propose three potential mechanisms by which NRG2β/Q43L functions as an antagonist at ErbB4. Note that these mechanisms are not necessarily mutually exclusive. The first potential explanation is that the antagonistic activity of NRG2β/Q43L at ErbB4 reflects a failure of NRG2β/Q43L to stimulate ErbB4 phosphorylation at specific tyrosine residues that couple ErbB4 to specific effectors responsible for (IL-3-independent) proliferation. At saturating concentrations, an ErbB4 antagonist stimulates less ErbB4 tyrosine phosphorylation than does an ErbB4 agonist (Figures 2A-2D ), thereby suggesting that ErbB4 antagonists stimulate ErbB4 phosphorylation at fewer tyrosine residues than do agonists. EGFR tyrosine kinase activity is required for an ErbB4 agonist to stimulate IL-3-independent proliferation, but ErbB4 kinase activity is not (Figures 3A-3C ). Thus we propose that EGFR is responsible for phosphorylating the agonistspecific ErbB4 tyrosine residues. PI3K activity is required for an ErbB4 agonist to stimulate IL-3-independent proliferation, and ErbB4 agonists stimulate greater phosphorylation of Akt than do ErbB4 antagonists, suggesting that differential ErbB4 coupling to the PI3K/Akt pathway accounts for the functional differences among ErbB4 agonists and antagonists ( Figures 4A-4C ). However, substitution of a phenylalanine residue for tyrosine (Tyr 1056 ) within the ErbB4 canonical binding site for the PI3K regulatory subunit (p85) does not completely prevent agonistinduced ErbB4 coupling to IL-3 independence ( Figure 5B ). These results suggest that other putative PI3K-binding motifs (Tyr 773 , Tyr 950 and Tyr 1022 ) of ErbB4 contribute to coupling ErbB4 to the PI3K/Akt pathway ( Figure 8A ) and that the failure of ErbB4 antagonists to stimulate phosphorylation at one or more of these tyrosine residues accounts for the failure of these ErbB4 ligands to stimulate ErbB4 coupling to IL-3 independence.
Another potential explanation is that the antagonistic activity of NRG2β/Q43L at ErbB4 reflects the ability of NRG2β/Q43L to stimulate ErbB4 phosphorylation at specific tyrosine residues that prevent ErbB4 coupling to specific effectors responsible for (IL-3-independent) proliferation. The ErbB4 Ct-b isoform, which lacks Ser 1046 -Gly 1061 , fails to undergo agonist-induced coupling to IL-3 independence (Figures 5A-5C ). This isoform lacks a WW-binding motif that has been implicated in binding the transcriptional coregulator YAP [3, 45] . We postulate that ErbB4 coupling to YAP is required (but probably not sufficient) for agonist-induced ErbB4 coupling to IL-3 independence ( Figure 8B) .
One final potential explanation is that the antagonistic activity of NRG2β/Q43L at ErbB4 reflects the ability of NRG2β/Q43L to stimulate ErbB4 phosphorylation at specific tyrosine residues that couple ErbB4 to specific effectors that inhibit or block (IL-3-independent) proliferation. The ErbB2 monoclonal antibody 4D5 (which is the basis for the ErbB2 antagonist trastuzumab) stimulates ErbB2 tyrosine phosphorylation and down-regulation [46, 47] , which may account for its antagonistic activity. EGF stimulates much greater EGFR tyrosine phosphorylation at Tyr 1045 and EGFR coupling to ubiquitination and down-regulation (via the ubiquitin ligase c-Cbl) than does AR [43, 48] . This may explain why AR exhibits greater efficacy at the EGFR than does EGF [43] . Thus the failure of NRG2β/Q43L and NRG2α/K45F to stimulate ErbB4 coupling to IL-3 independence may reflect their greater stimulation of ErbB4 coupling to turnover and degradation, and decreased duration of ErbB4 coupling to mitogenic signalling pathways ( Figure 8C ). Such a mechanism is consistent with our hypothesis that pre-incubation of 32D/EGFR cells with increasing concentrations of NRG2β/Q43L progressively (but incompletely) inhibits subsequent binding of radiolabelled EGF ( Figure 7C ) by stimulating EGFR degradation and depletion from the cell surface. Furthermore, a corollary of this model is that NRG2β/Q43L and NRG2α/K45F would function as irreversible inhibitors of agonist-induced ErbB4 coupling to IL-3 independence. Indeed, preliminary studies indicate that preincubation of BaF3/EGFR + ErbB4 cells with NRG2β/Q43L antagonizes subsequent stimulation of IL-3 independence by an ErbB4 agonist, even if the NRG2β/Q43L is washed from the cells prior to their stimulation with the ErbB4 agonist. Another corollary of this model is that NRG2β/Q43L and NRG2α/K45F would inhibit agonist-independent ErbB4 signalling (as an inverse agonist). This corollary remains untested.
Elements of the ErbB/EGF signalling network are validated targets for oncology drug discovery. Approved drugs include small molecule tyrosine kinase inhibitors, including gefitinib, erolotinib and lapatinib, and antibodies, including trastuzumab, cetiximab and panitumumab. Nonetheless, significant intrinsic and acquired resistance limits the clinical efficacy of these agents. Theoretically, such resistance may arise through multiple mechanisms, including endogenous (autocrine) agonist (over)expression, paracrine agonist (over)expression and activating mutation(s) of the receptor.
We propose that ErbB ligand analogues that function as ErbB receptor partial agonists may be the optimal solution to the challenge of resistance. Such analogues would have to lack the ability to stimulate ErbB receptor coupling to oncogenic phenotypes, including proliferation, motility and invasiveness. However, they should possess the ability to stimulate ErbB receptor turnover and degradation. Thus such antagonists should be effective against ErbB receptors whose signalling is deregulated via a variety of mechanisms, including activating receptor point mutations, and autocrine and paracrine ligand (over)expression.
In the present study we have shown that ErbB receptor agonist mutants may possess these desired activities. Nonetheless, the well-documented translational challenges associated with peptide hormones and growth factors limit the clinical potential of ErbB receptor agonist mutants. Instead, antibodies and small molecules that possess the requisite ErbB receptor partial agonist activities are likely to be better candidates for clinical use. Two screens could be used to identify lead candidates. The first screen would identify those molecules that stimulate tyrosine phosphorylation of the ErbB receptor of interest. Those molecules that possess this activity would be screened for those that fail to stimulate ErbB receptor coupling to the desired biological response (proliferation, motility and invasion). Those molecules that emerge from these two screens are likely to be ErbB receptor partial agonists that stimulate receptor tyrosine phosphorylation, yet fail to stimulate receptor coupling to oncogenic phenotypes. Additional experimentation would be required to evaluate the antagonistic activity of the lead molecules. Ideally, such molecules would function as irreversible inhibitors through stimulation of receptor turnover or degradation.
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